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HICN STRAIN RATEDEPORHATIOI9IN FCC !YETAM AND ALLOYS

P. S. Follanebee
Loa Alamos National Laboratory
Loo Alamoe, New Hexico, USA, 87545

The effect of etrain rate, ●nd particularly of high strain rates, on
deformation mechanisms in materials la of fundamental interest to those who
❑odel ●nd analyze dynamic loading. In many materiala the strain rate
●enaitivity IS known to increaae dramatically when the otrain rate im
raieed ●bove ’103 ●-l. This increaee hae been interpreted previously ●e ●

tran-mition in deformation mechanism from thermal●ctivation control ●t lW
strain rate to dislocation dra~ control ●t hiah retrain rate, In copper,
copper-aluminum ●lloya ●nd ●tainleoa ●teel, recant meamramentm have ●hewn
that the increaaed rate ●eneitivity found ●t high strain ratem la not due
to a transition in deformation mechaniom but rather can bc ●xplained with
●tandard thermal ●ctivation theory. Them findings ●nd their implication
re8ardin8 the fo-lation of conmtitutlve behavior will ●re presented.

1. INTRODUCTION

Althou6h the high strain rate deformation behavior of most comon metals

hae been studied umlng one of ● variety of ●xporlmental technique- [1],

●tudioa of FCC metal- uming technique- baeed on thn Hopkinmon bar have

i
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dominated the literature. Some of theee Invectigationa are listed in Table

1. This tabulation IS not -ant to be all inclusive, b. : rather to list

thoee investigations where the constant strain, retrain rate ●enmitivity,

which IS defined ●a ,.

(1)

could be ●valuated over a wide range of strain ratee. The high strain rate

data in mo~t of these Investigation have been meaeured in compression

using the split Hopkinaon preesure bar.

In many of the references listed in Table 1, the constant strain,

otrain rate eeneitivity I@ found to Increase when the atrafn rate in raised
.

above roughly 103 S-l. When the maximum #train rate Investigated j?

limited to 103 S-l, such an increase 10 usually not seen [3,5,10]. Thie

increame or transition In rate ●eneitivity haa been the topic of wch

diacueaion. Although in polycryotalline copper, moat previous

Inveotigatora have noted such a transition when retrain ratea of the “rder

104 are achieved, Lindholm [11] have did not meaaure any increase in rate

aeneitivity at ●train ratee ae high ma 6xi04 ●-l. This haa led to

queetions concerning the validity of experimanr.al techniques at theac high

etrain ratea. Whether or not there exists an Increaoe in the rate

aenaitivity ●t high #train ratea la an important question. Many impact

phenomena lead to deformatio~. at strain ratea ●xceeding 103 ●-l; the

ability to ❑odel th~se proceoeea computatienally requires the knowledse and

understanding of the material conatitutive behavior ●t high strain ratam.

Explanation for the increaeed rate aencitivity have been proposed

which ●re baaed on ● transition in rate controlling deformation mechanism

from thermal ●ctivation at low ●train rate- to some form of dislocation

drag, due to the interaction with phonona at room temperature [22], at

#train rates exceeding 103 c-l. T!le predominance of dislocation drag

controlled deformation haa been uoed to explain the txp~rimentally oboerved

relationship between flow stress a (at constant ●train) ●nd atrain rste ;-

(2)

where the back atreae ob ●nd the constant t! ara t.~th function- of strain.

There has been wide umage of “vimcous” or “linear” law- such ●- Eq. 2 to

describe conatitutlve behavior ●t high etrain ratea.



The purpose of this paper is to describe the dynamic deformation

behavior of ● few FCC metals. First, we will briefly review the eplit

Ilopkinoon preaeure bar ●xperimental techniques and specifically addrese the

question of test validity. We conclude that valid teet results are

obtainable at strain rates approaching and ●ven exceeding 10h e-l if

certain precaution ●re taken. Some ●xperimental re~ult~ obtained in

copper, coppe~aluminum ●lloys, and five auetenitic ●tainleaa ateela will

be presented in Section 3. In Section 4 the origin of the increased rate

aene~tivity ● t high strain rates la diecuaaed. In order to investigate the

role of dislocation drag mechanisms, the current understanding of

dislocation glide kinetics ie reviewed. Dynamic flow atrees ❑easurements

are compared with measurements of the mechanical threehold ertreee, which is

used aa ar, internal etate variable, and it is concluded that dislocation

drag ❑echanisms do not contribute to the rate sensitivity in the FCC metala

Investigated at strain rates less than 10< s-l. An alternate explanation

for the increased rate sensitivity, based on structure evolution, 1.s

proposed. The influence of these findinRm on the appropriate formulati~n

of a constitutive law is deec?ibed in Section 5.

11. DYNAMICTESTINGWITHTHE HOPKINSONBAR

Experimental technique ba~ed on the Hupkineon preasllre bar are

well-developed; for diacue~ion of tti?aie techniques, the reader IS referred

to reviews by Lindholu [3,23] and Follansbec [24]. In the latter reference

the topic of tent validity iu diacuoaed and it is shown thnt, in the

compr~osion test with the oplit Hopkinson preaoure bar (SHPB), factors that

influence teat validity include frictional constraint, rndial and axial

inertial constraint, and elaetic wave dinpermion. In addition, the correct

specification of timing between the three strain gage eignhls becomes

Inc;eusingly critical ●t high otrain ratee. The problem of friction

.sccompanieo comprasoion testing at 611 strain rates, and the problem ie not

influenced greatly by the ●ctual ●train rate. A groat deal IS known about

lubrication techniques and specimen aspect ratiou (l/c! where 1 Is the

specimen length ●nd d is the diameter) that minim!,ze errors du~ to

frictional constraint. Unfortunately, the optimum acpect ratio ouggeet$!d

for ● quaai-ctatic comprensfon teat (1.5 < l/d < 2) shoull not be usci! :n

the SHPB teet because of inertial constraint consideratlonn. In an es71y
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analymia of the errors due to radial and axial constraint in a rapidly

deforming ●olid cylinder, Davie6 and Hunter [25] concluded that theee

errore would be minimized if the ●epect ratio of a ●pecimen deformin8 at

constant ●train rate were chosen such that

(3)

where V~ ie the Poieeon ratio. Note that for Ve - 1/3, Eq. 3 yielde

l/d= 0.5.

Bertholf and Karnee [26] performed a full two-dimensional, finite

difference, elaetw-plaatic analy8i6 of the SHPB teat and found results

consistent with Eq. 3. Furthermore, theee authors lnveetigated test

validity up to a strain of - 4% ●nd concluded that if the loading wave were

a trapezoidal wave of riaeti-z Tr rather than a

results were valj.d providing that

D ~ < 5X103 Cm-s-l

and
T
+>

where D

preesure

loading

16 us-cm-l ,

is the diameter

bar will naturally

wave. Techniques

of the pressure bar.

decrense the elope in

to further increaee

equare wave, then teet

(4)

(5)

Dispersion in the elastic

the leading ●dge of the

the riaetime of this wave

have been described by Frantz et al [27]; it is not difficult to

approximate the trA~ZOidal wave condition imposed by Bertholf and Karnes.

The criteria of Eqs. 4 and 5 eu~gests that for teets with 5 mm diameter

pressurt bars, teet results at etrain rates ae high aa 104 ti-~ can be

performed if the l/d ratio of the epecimen is chosen to match Eq. 3 and if

nomal lubrication technique ere ●mployed. Inspection of the actufil

results in [26] euggeots that the criteria of Eq. 4 ❑ay be Olightly

overconservative. Indeed, if teet validity had been evaluated ●t a higher

strain than 4%, higher etrein rates would have been ●llowed.

Another problem with experiments in the Hopkineon bar ●rises in the

interpretation of the strain gage siflnalo. Recall that one of the

advantaseo of test techniques based on the Hopkinmon bar ie that the etrest

and etrain in the deforming ●ample ●re ●imply ralated to ●tratn gage

measurements made on the elaatic premeure bara. For the split Hopklneou

preueure bar ●hewn schematically in Fis. 1, the initial compressive wave
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El(t) ●nd reflected tenoile wave ER(t) measurad on the incident bar and the

transmitted compredva w~ve ET(t) meaoured on the transmitter bar can be

combined to yield the ●treae within the epecimen according to

●nd

a(t)= ; : [E1(t)+ER(t)+ET(t!]
o

the strain within the sample according to

E(t) = @E 1(t)-ER(t)-ET(t)] dt ,
0

(6)

(7)

where E is Young-s modulus, Co AS tlje longitudinal wave velocity, a. and 10

are the initial cross sectional area and length of the specimen, nnd A la

the crose sectional ar?a of the pressure bar. Typically it ia aeaumed that

the etre~e on both faces of the specimen (and throughout tk,e specimen) IS

constant at any time, which implies that

~(t) - EI(t)*~(t) (8)

and Simplifies Eqa. 6 and 7 to read

(s)d(t) - E ~ET(t) ,
ao

and
-2C0

c(t)- J ~E#) dt . (lo)

When Eq. 8 applies, measurement of the reflected and transmitted

strain gage aignala determines the etreaa strain behavior in the deforming

epecimen. The operational problem with thie lice in ●stablishing the

precise timing between these waves. Usually, it ie aeaumed rhat placing

strain gagea equidistant from the sample a~ourea that the strain gage

eignalo correlate in real time. However, the precise timjng between the

three waves will be influenced by imperfect interfaces, the presence of

lubricants nnd the traneit time through the epecimen. Rlafitic wave

diapereion will combine with the sources of error lieted above to

complicate the ●election of “zero” time with w.~ich to start the integration

in Eq. 10. The combined effect of these errors is small (e.g., an

uncertainty of T 10Ba in the timing relationship), but can have a large

influence on the predicted etreas etrain curve aa the ~train rate ia

jncreased, or ae the total teet time io decreaeed.

To ❑inimize theee errors we have added eeveral calibration routines to
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our SIIPB teat procedure. First of all, we e-tablish actual timing between

E1 and ER by firing the striknr bar at the incident bar which it ●eparated

from the transmitter bar. Secondly, we eetablish ●ctual timing between E1

and ET by firing the strikei bar at the incident bar which io in direct

contact with the transmitter bar (i.e., no cpecimen). During this

calibration run we al~u verify ga8e factora for both retrain gasea by

accurately measuring the striker bar veloci~y and ueing the momentum

balance expression given by Lindholm [3]. In addition to these calibration

procedures, we have chooen to uee Eqs. 6 and 7 rather than Eqa. 9 and 10 to

compute atreaa and etrain within the deformin~ specimen. The advantage of

this is that it reduces the uncertainty in the timing since the timing

between E1 and ER has been accurately established. Secondly, it allws the

uae of E1, which is the most sharply rising wave, to establish “zero” the.

The disadvantage of this procedure is that it introduces larger

Pochhamme~Chree oscillation into the ●tre~s strain curve which do not

truly represent behavior within the ●pecimen. The extent of this problem

can be minimized .~y performing a diepereion correction on all three wavea

to “move” them to the apec!,men interface [28].

An example of a etreea strain curve measured In Nitronic 40 at a

strain rate of - 6000 S-l ie shown in Fig. 2. The solld curve ehown in

Fig. 2 ia the result derived ueing Eqe. 6 and 7 while the daahed curve ie

the result derived using Eqe. 9 and 10. The agreement in thie case la Rood

which elves confidence in the test procedure and result. At higher strain

rateap the two curved Somet.mea do not agree aa Well; in theee caees we

chooee the 3-wave (Eqe. 6 and 7) rather than the 2-wave analyaia.

With the proced~rea outlined above, we have a hieh degree of

confidence in our SHPB test reaulte et atraln rates aa high ao -105X104
-10. In the next qection some nxperimantal results on a variety of FCC

metals will be presented.

111. EXPERIIIENTAI.RESULTSIN SONE FCC METALS

The straee strain behavior of oxygen-free electronic copper and several

copper aluminum alloys and austenitic stainleea ●teelu in compression haa

been determined over a wide range of strain ratea. Data ●t strain rates

from 103 n-l t~ -1.5x10U ●-l were waourad uoing the SIIPB temt procedure

described i~, the prwioue secticn. Strain rateo from 10-”U 8-1 to 10-1 ●-l
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wore ●chieved in ● ●tandard ●crew-driven mechanical teeting machine while

data ●t strain rateo from 10-1 0-1 to 102 0-1 were measured using a

servo-hydraulic testing machine with ●n optical ●xtensometer. Extent of

deforution wag 8enerally l$mited to lesm than a true otrain of 30%. P.11

materiala were &nveoti8ated in the recrystallized condition with average

grain dimeneion of order 30 urn to 50 um. The campooitions of the stainless

steclo ●re shown in Table 2.

When testing over the wide range of strain ratee indicated above there

ICI a transition from isothermal test conditions to adiabatic temt

conditions. In the latter case, the temperature rioe in the epeclmen due

to conversion of plaetic work into l,eat la given by

* ( u(c) de ,
‘T-lq-’

(11)

where P i~ the density, Cp is the heat capacity and V IS the fraction of

work converted into heat (Y “ 1). Table 3 lists approximate values of Pcp

and ~o(e)dc for copper and Nitronic 40 deformed to a strain of 0.20 at

strain rates of 6X103 e-l and 5X103 s-l respectively. (See Figs. 3 and 4).

Included in this table are the temperature increasee estimated from Eq. 11

and the corresponding decreaaes in flow stress (estimated from Eqs. 14 and

15 and data presented in the following section). It is evident that the

temperature ri~e and flow stresq increment are relatively small in copper

b.t much larger in the stainless steel. Thus in the copper teats (and in

Lhe copper-aluminum tests) the temperature rise in the experiments reported

here is not significant, whereas that in the stainless steel experiments

can not be neglected. Thi~ will become evident in the stress straf.n curves

presented below.

Some stress strain curves for the ●xperiments with copper and Nitronic

40 stainless steel are shown in Figs. 3 and 4. Note in Fig. 4 that the

curves at strain rates less than 10-2 s-l intercept those at higher strain

rates. This is a direct consequence of heat generation and the increasing

temperature for the higher strain rate experiments. In contrast the

r~sults for copper do not show thiq trend.

The stress strain curves for both copper and Nitronic 40 indicate that

the strain rate sensitivity is increasing at high strain rates. Tt is

●asier to visualize this increase in a semi--logarithmic plot of flow stress

at constant strain versus strain rat~. Another advantage of this plot is

that by Includina ceveral oets of data such a plot allowe a reparation of
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●ffecte due to experimental scatter from thooe due to real changes in flow

etremo. Semi-logarithmic plots at variouai strains are shown in Fige. 5

through 8 for all materials temted. In each came an increaoe in rats

senaitivlty defined by Eq. 1 is found at etrain rates of the SHPB

experiment6i. The etainleea eteel reeulte in Figs. 7 and 8 ●uggeet that the

Increaeed rate aeneitivity begine at etrain ratem ae low aa 102 E-l. It

should be noted that none of the experimental errors deecribed in the

previous section are important at strain rates as “low” MP 102 O-;. Thus,

thie pr~videe further evidenc~ that the increaoed rate aenaitivity found in

these materials ie real rather than an experimental artifact. In the next

nection the origin OC this

more detail.

IV. ORIGIN CF THE INCREASED

increased rate sensitivity will be ●xamined in

RATESENSITI?WV AT HIGH STRAIN RATES

Any of the SHPB data shown in Figs. 5 - 8 may be piotted on linear axea and

fit to an equation of the form given by Eq. 2. An example for the copper

data is ehown in Fig. 9. The agreement with Eq. 2 hae led some

inve6tigatore to conclude that the Increaeed rate menaitivity found in this

regime ie due to a transition to drag controlled deformation, ao Wae

described in Section 1 [7,14]. However, the experimentally found value of

ab has been inconeietent with the theoretical understanding of

dislocation/obstacle Interaetione, which dictatea a small, rather than a

large value of Ub [29,30]. To further understand the hplicatione of the

reeulte shown in Figs. 5 - 8, It is worthwhile to review come featuree of

dislocation/obetacle interaction.

A echematic of a dislocation restricted by several barriers, separated

by an average distance ~ is shown in Fig. 10. At equilibrium and at O K

the force required to proceed past the obstacle array is ~ and the etreae ;

la written
.

(12)

Thie etreee 10 called the threshold atrees or the mechanical threshold and

io a ❑eaeure of the intrinmic strength determined by the particular

obstacle configuration. Once the dislocation breaks ●way from the firct

eet of ob~-+~cles it will proce~d to tfie next set where the same equilibrium
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condition ●ppliem. For dialocmt20n/dialacation interaction and for a

●tatiatlcal 6ietribtion of dinlocatione the mechanical threshold strea~

becomes [31]

(13)

where P Im the total dislocation denmity and a is a constant of order 0.5.

At temperatures greater than O K thermal activation aesi-ts the applied

●tress and thue a lower ●pplied etreea la required to force the di~locatio~l

pact the obstacle. The value of the applied stress now becomee temperature

and strain rate dependent; the actual dependencies are given by an

Arrhenius ●xpreeoion of the form

(14)

where ~. i~ a constant and, for Interaction with ehort range obetaclea,

the activation ener8y AG ie written [31]

312
~ M lJ(T)b380 {1 - (~)1’~} ,

a

(15)

where ~ is the normalized activation ener8y and ~ = M; where M is the

Taylor factor (M = 3.C6).

These ●quatione do not 8ive a dramatically increaain8 etrain rate

neneitivity at high etrain rates, which would appear to imply that the

increaeed rate eeneitivity found at SHPB etrain rates requiree a new

deformation ❑echanism. However, the restriction to Eqs, 14 and 15 above is

that they deocribe the temperature and strain rate dependencies of some

unique obstacle configuration or “structure”, the meaaure of which is the

mechanical threshold. The comparison of experimental results at constant

strain in Fi8s. 5 - 9 may not eatiafy this constant etructure reatrictlon.

Strain rate jump teats have been ueed to probe the constant structure

strain rate sensitivity at lower strain rates. In the SHPB, however, the

●rrors inherent to ?he measurement of the dynamic yield etress limit these

techniques to thoee materials that exhibit a lar8e constant structure

etrain rate t3enr.itivity.

Since the conctant structure strain rate aenaitivity can not be

meaeured directly at hieh ●train rates, the validity of ueing a plot at
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constant 6train to approximate one at constant etructure can be

Investigated by ❑eaeuring the mechanical threshold etreee.

A. MEASUREMENTOF THE MECHANICALTHRESHOLD

The procedure for meaauring the mechanical threshold atreae haa been

described previously [19,32]. Multiple apecimene are deforuwd at the

strain rat? “~f intereet to the strain of interest. Then each specimen ia

reloaded quaai-8tatically at temperatures of 76 K, ’180 iZ and 295 K and an

extrapolate on ia made to determine the reload yield stress at O K.

Combining and rearranging Eqs. 14 and 15 yields

(16)

which indicatee that a plot of the 8quare root of the reload ,yield etreap,

normalized by the temperature dependent

temperature, which 16 also normalized by the

power of 2/3, ehould give a 8traight line.

mechanical threshold while the slope of thio

to the normalized activation energy go.

ehear moduluB, vereue test

~hear modulu6 and raised to a

The intercept at O K gives the

line is inversely proportional.

.
A large test matrix was chosen to investigate S (E, ~) in eoPPer”

Strain rates of 10-4, 10-2, 1, 100, 2000, 5000 and 9500 s-l were chosen and

specimens were loaded to strains of 0.05, 0.10, 0.15, 0.20 and 0.25 at each

of these strain rates. Thus 35 separate stress and strain rate histories

were investigated. In addition, one shock wave recovery experiment was

performed at a shock pressure of 10 GPa [33]. A lees extensive series of

mechanical threshold atrees ❑easurement wae performed in Nitronic 40.

Samples were deformed to a strain of 0.10 at strain rateB of 10-3 and 6X103

13-1.

The results of these studies hal~e been described in [32]. Figure 11

shows the normalized plot sugRested by Eq. 16 for copper deformed at a

strain rate of 0.000145 a-l to variout3 atreine. The intercept at T = O K

18 eeen to Increane with increaelng strain, which la con~istent with the

behavior expected from Eq. 13. The dislocation density computed from the

measured mechanical threshold atresse~ and Eq. 13 are shown in Fig. 12. A

straight line of the form



(17)

where ?! - 11x1014 E-2 ●nd p. E O can be fit through the results in Fig. 12.

Gihan [34] has proposed on theoretical 8rounds ●n equation iaentical to

Eq. 17 where M 10 termed the dislocation -ltiplication constant. Although

Gilman has ●mphasized that the coefficient H i- ● meaeureable purameter

that may vary with temperature [34] (and, thus, with strain rate), the

coefficient H is generally perceived ae a constant. For copper, M is found

experiRantally to lie within the range of F!= 5X1014 to 15x1914 m-2 [1S]

over a wide range of ●tzain rates, which ●grees with the value found in

Fig. 12.

The dependence of the tiweehold stress for copper deformed at varioua

strain rates to a strain of 0.10 19 shown in Fig. 13. If comgtant strain

were to imply constant structure, then the mechanical threshold stress, or

the Intercept at T = O K in Fig. 18 should be independent of strain rate.

As shown, how~ver, there is a definite strain rate depentience to the

mechanical threshold. The data at strains of 0.10 and 0.20 are plotted on

the eemi-logar:l.thmic axee in Fig. 14. Included in this figure are the flow

atreae valuea p:.otted in Fig. 5. The results in this figure clearly show

that the increake in the mechanical threshold atrese parallela that of the

flow streos. Of particular interest ia the behavior at strain rates

greater than 103 s--l where the increasing rate sensitivity of the flow

stress ia accompanied by that ~f the ❑echanical threshold atrese; this i~

easier to visualize in the line~r axea Of ~igm 15. By interpolating

between the teat results at different etrain and etrain ratea, it la

poeaible to generate the plot of flow atresa at constant mechanical

threshold ●treae vereua strain rat~ shown in Fig. 16. This plot ehowa no

dramatic increase in rate sensitivity at strain ratea ●xceeding 103 a-l,

which should be contrasted with the behavior at constant #train mhuwn in

Fig. 5.

Meaourementa in the copper sample shock deformed at 10 GPa [33] gave

an even higher value of the mechanical threshold streae than waa ❑eaaured

●t equivalent strains at ●train ratea to 104 a-l. The history during shock

deformatlo~l and release is very complicated and, in fact, the strain ratea

may differ by orders of magnitude between the loadin~ and relaame

procesmes. The shock proceaa does, however, yield a well defined

equivalent pluetic etrain [35], which in copper shock deformed at 10 GPa is
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0.0825. Figure 17 shows the complriaon of the mechanical threshold strasc

at this retrain au a function of retrain rate. The ●train rate for the shock

deformation is aowimed to lie w~thin the range 105 E-l to 107 ●-l. It im

●violent from this figure that the increasad rate sensitivity of the

threshold atreee noted at strain rate- ●xceeding -103 e-l continues into

the shock regime. Unfortunately, we do not know the value of the flow

●trese which accompanies the measured mechanical threthold stress f~r the

shock deformed sample. Without the flow ●trese it ie not poaaible to

●valuate the contribution of dislocation drag controlled deformation during

the shock defamation.

The results for Nitronic 40 shown in Fig. 18 ●lso indicate ●n

increaaii.,~ .Iechanical threshold otreas with strain rate, but the increaae

10 much lems than the increace in flow ntrezm. This implies that whereas

mo~t of the increase in flow stress with atraln rate in copper in due to

the rate sensitivity of structure ●volition, that in Nitronic 40 is

primarily due to intrinsic rate sensitivity described by Eq. 13. Thus, an

abrvpt change in strain rate from a quasi-static to a dynamic retrain rate

should yield a very smell increase in flow stress in uoppar but a very

large increased flow atreee in the atainlese steel. The reuulte shown in

Fig. 19 for a Nitronic 40 sample deformed at a strain rate of 10-3 ●-l to ●

strain of 0.10, unloaded, then reloaded at a etrain rate of 3X103 s-l tend

to verify that meet of the rate sensitivity in thim material io intrineic.

The increaeed rate ●ensitiwity at strain rates ●xceeding -102 a-l in thie

❑aterial ia likely related to the increaee in the mechanical threshold

etreae with @train rate, as wae found for copper. This, however, needs to

be verified with additional measurements of the mechanical threshold otreae

at intermediate ●train ratee.

To oummerize, theoe measurements of the mechanical threohold otretia

have ehown that for copper and Nitronic 40 deformed ●t @train tateo leee

than 10” s-l, the flow streee io leeo than tne threehold ●trees, which

Indicatea that dislocation drag ie not teaponJible for the increae-d

dynamic @train rate ●eneitivity found in these materiala. In copper, the

predominant rate eet~sitivity eeen in ● plot of strew ●t conetant ●train

vereuo strain rate ie due to the rate ●enaitivity of structure ●volition.

In Nltronlc 40 thim latter rate ●enmitivity combines with tha intrinnlc

rate ●enmitlvity to yield the behavior shown in FiE. 18.

One of the conclusions based on the mechanical threohold meaourementm



●nd ●nalyaia preeented here ie that Eq. 17, am it ie written, 10 not a

valid description of dislocation generation over a wide range of etrain

ratee. This relatlon treata plastic strain as a structure, or

thermodynamic etate variable, which we have ehown 10 not appropriate for

both copper and Nitronic 40. Clearly the conetant M in Eq. 17 ❑ust be a

function of strain rate, or perhaps stress, ae waa originally postulated

[34]. Previous inveetigator~ have ❑easured the dieloca~ion deneitiee in

quasj-statically and dynamically deformed copper [15] and aluminum [12,36]

ueing transmission ●lectron microscopy. A large increase in P with

increaeln~ strain rate was ❑easured in Al single cryatale [12] and

polycrystals [36], whereas only a small increase was ❑easured in Cu eingle

crystals [15]. It ehould be noted, however, that TEM technique8 to

determine dislocation densities In heavily (C > 0.01) deformed ❑etals are

subject to large errors. The ratio of the maximum (for the 10 GPa chock)

to the ❑inimum (at ; = 10-4 a- 1) mechanical threshold streee in Fig. 17 la

only 1.8 which, from Eq. 13, implies that the ratio of dislocation

denaitiea for theeti two hir+toriea ie only - 3.2. This may be outside the

precision of technique baaed on dislocation counting in the TEH when

dislocation densities are eo high (P ❑ 1014 ❑-z). For this reason,

evidence for the general validity of Eq. 17 baaed on TEM obaervationa

ehould be regarded with some auapicion. Equation 18 is an approximate but

limited rule that ~hould be Lsed only to give a rough estimate of

dislocation generation rates in FCC ❑etals.

v. ~~LIcATIONsFOR (X)NSTTTUTTVE LAWS

The mechanical threshold ❑easurements in copper and Nitronic 40 lead to

eeveral conclueione concerning the choice of numerical models or

conetitutive laws to describe the ❑echanical behavior of these materjale

over a wide range of utrain rates. One conclusion concerning the validity

of Eq. 17 wan discussed in the previous section. For modele ba~ed on

dislocation theory and micromechaniema, it 10 clear that Eq. 17 is

unsuitable for the description of dislocation generation. The main

shortcoming of Eq. 17 IH that, a~ written, it implicitly aeoumee that

dislocation densities are ●quivalent at equivalent strain, ice., the rate

dependence of dislocation generation 10 ignored.

The above consideration are relatad to the ❑ore general conclusion
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that strain ia nn inappropriate variable to incorporate into ● constitutive

law as a path independent parameter. Thie i- not a new conclusion, but the

danger of aeeuming that conetant strain impllea constant ●tructure has been

demonstrated here for the interpretation of the increaeed rate ●enaitivity

found ●t ntrmin rates ●xceeding -103 e-l. These results reesphacize the

importance of incorporating some form of ●n internal state variable into

conmtitutive law. This 10 ●n e6t3ential feature of recent numerical

procedures propoced by Bamann [37] and others.

Another conclusion based on the reeulte repo~ted here is that the

constant structure (or Intrineic) strain rate eeneltlvity does not increaoe

drastically in the FCC ❑etals considered an the #train rate 18 ~aieed

above ’103 e-l. Although the actual atreae-strain rate behavler may be

describable by an equation of the form of Eq. 10 this ●quation

overeatimatee the actual rate ●aneitivity. Thus when this ●quation is

Incorporated into ● numerical model that ie used to describ deformation in

a compo~~ent in which the strain rate is changing, the predicted behavior

❑ay differ greatly from the actual behavior of the material. ThIo may be

important, for instance, in the prediction of the formation of

Instabiliciem in plabtlc flow [39]. Ume of a constitutive law in the form

of Eq. 2 can overestimate the ●tabilizin8 influence of strain rate in ●uch

problems. Our reaulta tuggest that the strain rate dependence of the flow

atreas in copper, copper-aluminum alloya, ●nd nuatardtic atainleaa ateele

ehould remain

the form

: “ (:)m
co

where ❑ << 1.

Bammann [37]

expreesionas

VI. SUMMARY

Thio paper haa

in the format given by Eqa. 14 and 15 or, equivalently, in

B

Indeed,

ratain

(18)

r?cent formulations proposed by Johnson [39] ●nd

the low intrinsic rate dependence given by theme

included two major themeu. The first considered the

validtty of experimental raoults determined with SHPB techniques, It was

,oncluded that thaae techniques can yield valid dy.~amic stress otrain data

provided that Cert#ln precautions re8arding lubrication, ●peciman ●-pact
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ratio, ●nd limiting otrain ratea are practiced. There are additional

features of the data reported in Section III that ●spport the validity of

the results; theee are listed below.

1) Although not ●mphasized previously, the SHPB reaulta reported in

Fi8a. 5 - 9 were obtained with two and, for the copper reaulta in

Figs. 5 ●nd 9, three different bar aizea [19]. Decreasing the diameter

of the preaaure bar , ●nd thus the diameter (but not the aapect ratio)

of the specimen ●llows, fromEq. 4 ●nd the diecuesion in [27], higher

ntrain rates. The fact that similar results were obtained with

different bar diametera provides confidence in test results.

2) The main question regarding dynamic teat reaulta in the SHPB is

whether or not there exiate aa increasing strain rate aenaitivity at

high strain ratea. The reeulta for the auatenitic atainlesa ateela

shown in Figs 7 and 8 show a clear trend with etraln rate, with an

increasing rate aenaitivity beginning at atrain ratea wel? below the

region where inertia coneideration~~ are important; this la further

●violence in support of the validity of the test reeults.

3) Finally, we note that the ❑echanical threshold valoea alao ahowed an

increasing jnamic rate aenaitivity. This ie strong evidence that the

corresponding Increaeed rate aeneitivity of the flow etreaa values

actual material behavior eince
.

rcpreaenta the ratio 0/0 can not

decrease with Increasing strain rate.

The major theme of this paper then waa to evaluate the source of this

increaeed utrain rate ●enaitivitym Measurements of the mechanical

threshold atreaa coupled with an analyeia of the kinetics of

dislocation-obotacle interactions led to the conclusion that the increaaed

rate ●en~itivity found in a plot of flow otreos at conotant strain veraua

strain rute arlaee from the rate aenaitivity of structure ●volution rather

than from any change in deformation mechaniam, In th? copper,

copper-alluminum alloya und auotentic atainlesa steels evaluated at ●train

rates leaa than -104 a-l, dislocation drag ❑echanisms are not rate

controlling.

This reoult implies that viscous lawu such as Eq. 2 should not be

incorporated into conatitutive deacriptione of matarial behavior under

these conditions since the low ●tral-n rate ●eneitivity of thermal

●ctivation controlled deformation la ❑aintained to ●train rate~ ●a high as

104 s-l in these materials. However, ●ny de~cription of conatitutiv?



.

behavior over ● wide range of strain rates neede to account for the rate

dependence of ctructure ●volition. Although this can be done empirically

by meaeurin~ ~(~,~), as waa reported here, theoretical. de~cription~ of

dislocation generation proceeoeei might be very useful in ●ventually leading

to complete descriptions of constitutive behavior in FCC metals and alloya

aa well aa in ❑etals of other crystal etructurts.
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Table 1. Previous Investigations of High Rate Deformation of FCC Hetals

Reference Maximum t Material

Hauser et al [2]
Lindholm [3]
Karnes and Ripperger [4]
Holt ●t al [S]

Ferguson et al [6]
Kumar ●t al [7]
Lindholm aad Yeakley [8]
Dharan and Hauser [9]
Green et al [10]

Lindholm [11]

Chiem and Duffy [17]

Ripperger [13]
Kumar and Rumble [14]
Edington [15]
Duaek et al [16]
Stelly and Dormevel [17]
Shioiri et al [18]
Follanabee et al [19]

Malatynski and Klepaczko [20]

Muller [21]

{103 6-1)

15
7
4
1

10
26
2.6
120
1

60

5

:
‘.o
10
20
2.5
?0

2

10

pxtl Al
pxtl Al,Cu,Pb
pxtl Al
Al alloys:
7075, 6061
extl Al
Sxtl Al
11OO Al
pxtl Al
1060 Al, Pb
OFHCCu,Ni
11OO Al
pxtl Cu
extl Al

OFHC Cu
pxtl Cu
Sxtl Cu
IBxtl Cu
axtl Cu
OFHC Cu
OFE Cu

pxtl Pb

pxtl Ni

Rate Sensitivity

I(ncreaning)
C(onatant)
I

c
I
I
I
I

c
I
c
I

I
I
I
I
I
I
i

I

I
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Table 2 Compositlone* of Stainless Steele Tested

Element

Cr

Ni

Mn

Mo

Si

Cu

c

P

s

N

Alsl 304 AISI 304L

18.25

8.35

1.29

0.23

0.29

0.47

0.05

0.037

0.024

0.09

*
In weight percent.

18.27

8.81

1.40

0.31

0.33

0.43

0.015

0.027

0.018

().083

Table 3 Thermal properties und
decrease for adiabatic

Pc (ma)
P--R-

Copper 3.43

Nitronir 40 3.60

*“ E ❑ 5000” s-l. ? E - 0.20

AISI 310S

24.72

19.39

1.64

0.10
0.54
0.08

0.067

0.018

0.008

---

AISI 316L

17.10

10.95

1.49

2.13

0.61

0.54

0.012

0.025

0.005

0.099

Nitronic 40

20.01

7.10

8.92

0.14

0.70

0.40

0.02

0.023

0.002

0.32

estimated temperature rise and flow stress
deformation of copper and Nitron2. 40

jo(c)dc (NPa) AT (K) Ao (MPa)

41.2 12 1

221.2 62 125



FIGURE CAPTIONS
.

FIG. 1 Schematic of the eplit Hopkineon preoeure bar showing the two, long
●lastic presuure bars separated by the plastically deforming specimen.

FIG. 2 Dynamic (~ - 6000 11-1) atreas strain curve for Nitronic 40
illustrating the difference between the 3-wave analyais (solid line) and
the 2-wave analysis (dashed line).

FIG. 3 Stress strain curves for copper measured over a wide range of
strain rates. The oecillationa in the two curves at the highest otrsin
rates are “Pochha-.l - Chree” oscillation and arise from dioparaion of
the elastic waves in the pressure bars [28].

FIG. 4 Stress strain curves for Nitronic 40 stainless steel me~sured over
a wide range of strain rates. The oscillations in the teat at c = 50G0S-l
have been removed by smoothing. (See daahed lines in Fig. 3.)

FIG. 5 Flo~ strese measured at constant strain versus strain rate for
cepper.

FIG. 6 Flow stress measured at a constant strain oi c = 0.20 versus strain
rate for Cu - 0.2 Al, Cu - 2 Al and Cu - 6AI.

FTC. 7 Flow stress measured at a constant atrain uf c = 0.10 versus atrain
rate for Nitronic 40 and 316L stainless ateele.

FIG. 8 Flov stress measured at a constant etrain of c = 0.10 veraua strain
rate for 304 (left abscieea), 304L (left abecisea) and 31OS (right
abscissa) stainleae steels.

FIG. 9 Flow etresa measured at c~netan
linear axis) for copper. (Data at c < lo! :~ia~~i~~~”: a’rain rate (on a.

FIG. 10 Schematic illustration showing che interaction of a dislocation
with an idealized array of obstaclee of etrength K (at O K).

FIG. 11 Reload yield stress (u) versus reload teat temperature (T)
according to the normalized coordinate suggested by Eq. 16 for copper
epccimeno preatrained at a etrain rate of 0.00014 S-l to the ●traina
indicated.

FIG. i2 Total dislocation density, determined from the data shown in
FSg. 11 and Eq. 13, vereus strain for copper specimana deformed at ● strain
rate of 0.00014 s-i. .

FIG. 13 Normalized plot of reload yield
temperature for copper apecimeno defocm~d ●t
a strain of c = O.1O.

●trass veroua reload test
the ●train ratea Indicatad to



FIG. 14 Semi-logarithmic plot showing
mechanical threshold streee values at
etrain rate for copper deformed at a wide

the ❑easured flow etress and
strains of 0.10 and 0.20 versus

range of strain rataa.

FIG. 15 Heaaured flow stress and mechanical threshold etrees values for
copper plotted vereue strain rate on a llnear axis.

FIG. 16 Flow @trees at the threshold stress values indicated versus sttain
rate for copper. This plot at constant threshold strese should be
contrasted with the behavior at constant strain shown in Fig. 5.

FIG. 17 Mechanical threshold stress at e etrain of 0.0825 versus strain
rate. Included in thi~ plot Im the data a copper epecimen
at a shock pressure of 10 GPa.

FIG. 18 FLOWstress and mechanical threshold stress values
deformed to a strain of G = 0.10.

shock-deformed

for Nitr~nic 40

FIG. 19 Stress et ain curves for Nitronic 40 specimens deformed at @train
rate~ of 0.002 e -f and 3000 s-l and for one specimen deformed at the lower
strain rate to a etra~n of 0.10, unloaded, then reloaded at the higher
etrain rate.
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